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ABSTRACT 
..., 

The hypclri&nc-bl~r\:lctwre ocpa:rr:l.~iolllo in thG "'51 dectromd.c gro"U.m~.d. ot<A~c 
i 

194 i9~ i96 of 39 ... h Au • i65-d Au .... am1cl 6.2Qd Au have bo(3n, moasu:r:-ad by ';:h~ 

at?mic ... ~am m<ii'.gncfdc .. recon,'1lnce method., Fi:om t.hcoe mcco\U'Gmcn~c 
. ' i 0 7 
combined with ths k1mown ctm.oCm--.&o o:~ Au 7 

o f;ho co:r;;:copondina nuclco;;: 

i95 Au 

Au 1.96 {or. +23. 1.00(2200) 
-2~, 700(2600) 

I 

for· 
ifo:r 

* 0.0?3«4) 

* 0.146(7) 

+0.58(3} 
-0.62f3) 
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I. INTRODUCTION "· 

. . i04 195 • 196 
The nuclear op1no of 39-h Au ' • 1135-d Au , ana. 6.2-d Au o.ro 

"' ., 
lmov .. nto be I= 1, 3/2, c.nd 2. rcapoctivdy.J.•c. The hyporfin.c-:ot:ru.c~Ul"e ~hie) 

Gcparations of theoc ir.:;;otopes in the 2s ~ electronic ground state have now 
z 

been measured by tho atomic-beam ma.gne~ic-rcGonancc tEOchniquc employing 

the 11 fl.op-in11 pd.n.ciple. 3 From the mca£»\.~x-cd hfz sepa:nltion~ we have cal-

cu!a~ed the nu.dcar magnetic moments of t::hcoo iso?.:opcr;, uoing the known 

"' c A i97 .~: . . plt'oper~.lcs O;~. u z.o:r compar1con. 

II. GENERAL PRINC:[PLES 

For free atoma of goAd in the 2s1 eJl.cctrcmic ground otatc. the interne
a-

tion of the nucleus wiili the valence G cle:c~ron is limited to !the magnctic-clipolc 

contact interaction. Thia interaction aplite the J level into two hype£fine 

levela, which are labeled by th<a corll:"esponding total ~ngub.:r· momon~um 
. . 

F = X ± ~. where 1 b the nuclear spin. In the preaence of an e::~:tcrnal magnetic 

field H. each F level ~plits into 2F·H ma,enetic sublevel£; labeled with mmg

netic quantum n.u...-nbers mF. For J ~ t. the energy of these {F, m.,.,) levels 
~ J..~ 

&. ' 
is d<Zlocri bed analytically b"f the Brcit-Rabi fo&-muls., " which ma.y :00 Wld.t',cn. 

in units o£ hA.v. ao 

W(F, mF" x~ 
= -h~ 2(21 + 1) ( 

~ \k . . tmF . 2 
· m pJt: + ( F .. I) t + 21 + 1 x + x } r 

whc1re x = ( -g J + g1 p ( IJ. 
0 
H/hA 1Y') ~ and ths positive :t<'Oot is taken. Here gJ = v.J/ J 

I . 

and g1 = r;/I are the electl"onic: an4 nuclev.r g factors, !J.J and tJ.x arc e~~ 

preaoed in Bohr magnetons, J.L is the magnitude o£ the Bohr ma.gnetcm~ a~ci 
. . 0 . 

h.Av is the hfo sep.,ration. cuergy at zero magn.ceic field. The value of gX 
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propoii'tio;;:alll. to gr !t may be QGCimt~.tcd, \"ihGn _the hypor£in,e O~ll:"li>CSU.lrC G.nd 

nucllea~ momo~t of ~notho:r isotopG of the o&mo element n.ro h:o.own. by npply· 
. . . 5 

ing: tho FQrmi-Scgrb £o::muh;. 

The. amo.llncoa of ~ormo in g1 (elt ~· ± g,3/20Q.O) mcltes ie con .. ~~Ml~out t.o c~icr.r.lc,tc 

~hG ve1luo of lJ.v· o.::ld s1 by .eolving Eqc:. (i) aod (~) iEimu.l~o:t.ID'.~ous1y •. 

. . . 
t\"10 vcluer;; of .Av h~vc boon'co.icul;:I.ftcd- .. o~o for.- a poGit!ve momonl> c.,ncl. <?~~ 

tJ'l >0 is chown. in Fig. 1.. The 1ow-£rcquotii<:}" tre:.s:usMiono tii.~t may oo ob~orvcd 

in Cbe a~omic-be.an ~j,)p1l::atus nre ehown on tho cllagrf!lmc .. 4.U thc;-,-oe obcorv.tlb!e 

tii:a;~mitiolll!b h.-":lv~ F (;: X+;} and involve tho P.an~cl wi& mF = - «I+ f)., A C;z&i.5iCli.on 

mo.:y b>Cl it?.duced h:f nbooz!ftien oi C... ~tm of rodia~on., li<ilcdii.fll!J ~o G~. st"'-;tc \"lith 

. . . 
to. tt>• \ !!. ~1 '!... • ~... " -!',f. · 
~oi'Q.rll.'h,-.ton5 ,..a; eauae{! ...tf €>H.mm~~acous aooQ>~lr''"«cn o')t 

:r.z:.diQtion.. 6 
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to Z4 h. A stan&:-.rd ehomiccl. pll:"ocod~o ~-,!~~ o~hyl ace:Cafta ws.~ ueed t:o copo.:-a.'t;c 

tho rw.W.om.ctiv~ golld fttom ths platinum mx-gct. 7 A pure met~ic gold sa..-npl.o 
-

w~ oti.:cl.ned \~1iCh .tl.oout 60 mg of ~t:lble g!Z'lld cc.rll:'i~r. 

. . 194 
in the work wtth Au ~ .the t&rec~ W.'1G prOCOOG<iHl immcdictoJl.y ru~Qlt' 

cyclotron h':r~,u~taol:l.. Boccuoo high rclceivc r.;lpocHie activity of the ioo~opo 

u:mdox- i:z.•.rostfac,tiol:h ic; ~c.r;trcd for op~imura rcoult&:l 0 Che Au i9o to.rgc~ v.•e.s 

tOtOl.>Cd !or o.hcut ~ wook ~until!. mom~ oi tho S9 .. h C.ctivity of Au 194 had clocw:rcd}. 

A t~rgo~ for tho ctu:v!y of Au i 9 5 waa uouall!\y o~or~d for Zl>.ft Ac<lot c m(J!JJ.Ul 'before 

uoo. 

"1:-1. EXPERliMENT AL PROCEDURE 

' Tho gold sru:nplo w~Q c:on.to:incd. in1.ddo ~ t;,.n.tolu.m oven Unod v.d.th a 

. 
Afeor <2xpo.ourc, et'l.cb button \";'QO cowttcid in ~-t>ny ocin~ill~tion. eo~ZGI:'O con-

~o.i.ning 1. m.."'n•thick No:U!(TA) crystals. All 'counting ra~ec f.ot: ~nch :rc;;!lonanco 

and for re.dic:aotivo <'l.cic:ay when nocooG~ry• ThtD ~r$'..naition m\r:.£tt'lotic field wo.o 

cllli'br&~od. ~~ oboo7tvi~S th~ etr;;t;#-~4~:-d ¢:tQ~f!.l~Uo~10 ( v
83 

b1 Fig. 1) ~lil RbBS ~~d 
87 . . . . 

R.b bo~o wh5.eb woro da)tocted on ·a aur£aeQ-iomz.!ltion d~t0c~o'i'.. Tr~s~.~i.on 

rildiofrequo=eie~ wcro obtrunc;,d with oqclprnctl\t dctr.cdbod prGlvxot!:i~ly .. 9 R<ii.W.o-



ma.gnctic dip-olo- moment of oseh it1oeopo waG cclc~.a~tod !rom Eq. ~4) h-l com-

. . . ~97 10 
pz.rll.:son with :ll:'acont m.c;:,~uremont3 on. Au .. Xn ordc:r to cl.low for ~ 

V. RESULTS FOR Au194 

save a prolimin.Glrf v.oluo of AVJ = 3503(10) Mc,/wcct in a.grGomont .. ~;itll tho 
.t.1, 

c~z·Ucr meaou.i'cmcn~ [Av = 3600(1ZO) Me/soc] s;i:v-en by W. H. Hookfa et &J. 4 

mc.gn.itud0 of ths ;:£ powot:" .. 
. . i94 - . 

A s~ary oi A~ i.'<!Su!ts ia shown in Tab~ l. · To ~ow ~or the 

po3~!bUity cf syetcsmaUc erroro in tho app·S.~&~rla we ~.kGl tho uncol>'tainty 

~~ign.cd «hct·e ruld cbewh~ll'G in this' peil.per) fa:w til~ vl;\lu0 o£ A.., ~o b$ twico 

th~~ giv-en by tho loao~ ... oq;r.w.~oo n.nalyois. Tho firu?J. %'ooults o.tQ 

11'11 = ~ ~489.S6S(3Z) Me/Gee nnd Px (uncorr.) = ~ O.C>73(4) nm. 

Vi. RESULTS FOR Au.i9S 

Becaus(J) of the lGng hQlf-llfe o! Au195 ~iSS da)~o), ~hccc~ivi~f p:rodt?.ccd 
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195 6cmple of Au u~:.mally depends on how long~ given Pt target cnn bo use.d 

without ·b~ing burned throtyzh by thG 70-~o 30 .. 1.tA. deuteron beam. The pl'actical 

difiic'l.'ilty in producing A?.?. i 9S aa..T.ple£1 ;i;UijMGmtcd thit the :rao:rmcl c~pcdmont~l 

d . . ,.__ ~... d 1' '· l ·-~ Th ~ . 2.12.13 proee ure mtgnt """' il.'l.l>Crc c r.gJ:lC y eo con~c:-ve matcncu. o nuc.li.car spans 

1.91 193 1.97 109 195 of Au ~ Au . , Au. ·s\· and Au,' are thG sruno <lG thZJ.~ of Au , 1 = 3/2; 

14 
c.nd the corroopondtng hfo oepn.rationl!l o.rcp 1'C3pcctivoly • .6-v ~ 5780~ 5390. 

1.3 ' • 1.95 6099, nnd 1 i. 000 Me/ ace. It "'t..r?.D ouapectcd U!creforo, tnnt the 6~ of Au 

Lw r$ 6000 Me/ cce. a rosonancc of ~he pta.Je.da'lr.d tranoition w<.1.o !ircc &ttcmptcd 

i95 - . . & and obcervcd for. Au e.t a m~gnctk ftc!d o .. 273 G. A J.atcr reoon<ll:!Cc, ob-

in Tablo I. Tho cructtlQ.f!od vc.lucSJ a:-c Av = :2: 6220(38) Mc/eoc nnd 

~~ (uncor.r. ) = *- 0. i-16(7) nm. 

VII.. R.ESULTS FOR Au196 

Several resonancea of I = 2 with t:iF = 0 were observed a~ magnetic 

fields lower than 7 5 G for Au 196• All these resonance frequencies show no 

appreciable ohiit from the Zeeman .frequency !or I = z. This .auggesc.o that 

the .6.v o{ Au i 96 might be lo.rge. The resor..w"'lce observed at a magnetic field 

o£ 84 G ia shown in Fig. 5. A calculation from the amaH frequency shift, 

v-v r.:= 0.17 Me/ sec, indicated initially that ~v ·could be ao large D.!:l 6 5, 000 
00 

Mc/aec. However. in the present atomic-beam apparatus, the magnitudes 

of th0 ra£ocusing A D.rtd B .maanetie xieldo about 35000; hence it b not poooible 

to obeervc a Gtandar·d transition for an isotope with I ::: Z and .6v:;,. 16, 000 

Me/ sec. Consequc<!ntly, the reat)n&..."lee observed could not be, due to the standard 

transition. In this situation, the b.v of Au196 may be n::ea.ou:redeither by in-

creasing the A and B m.ngnctic fields or by looking for multiple-quantum 
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m Ji' = - ~ +!) is labdcd il:l F~.g. 1. !n Fig. 6p onlill of the rcoa:nance ewe~-::: riG ic 

ehown. The obscs:-vcd rooononccs arc idci!'.tiilcd o.rz duo to Z-q~am.tu."T.L and 3-

qu~ntum trc.nciti.ons;; by comp;:.:d.ng them ~ith tho coTlt'Or.1ponding tranaitiono in. 
~oe . 

Aa :a._., • o;;vhich ha~ th-:l came opin and a s:dm.U::u." h£6:. A summary of rosal.t.5 ~a 

with i>'1 {uncor:r. ) = +0. SS\3} n.m, or ~ v ::~ .. 24. 7«26) kMc/ ocr: wit.'l 

f·~ (uncorr.) ::: -0.62(3) nm. 

Vin. ·COMMENTS 

195 1QA 
The m<lgnctie n1omvnt o£ Au is nearly the a~-nc as those of Au ' r., 

<lnd Au 197 Q.."ld prc.bably adocG from the 79th. proton in a a
312 

choU. 
. . . 4~6 

Tha oimila.-ity of the spinm (l = Z) ~nd of ilie magootie momeuto of Au"':-

A i93 
u • 

. 198 ' ' . . . ana Au auggcot0 that the oh0ll aasignments and eouplin~s in those i@o~opeo 

:Aro also the O<lme. Tho magnetic moments o.re con~iGton~ with a gzouud-atn.to 

· . · . · iS 
co:r:..figuration (w ds;zH v p I )·t'-O p:::oposod h-f Chdotenoon ct GJ.. 

. I Z . 
l'teMcval o£ two l!loub.·o~o trom Au f-96 (I m :!)~ howev~r •. eO.\MHH'! ~he ~~oun.d--

momcllt of odd ... odd gold nuclei 'b'-i ucin~ n collective modal with. a atrongly ' ~. 

I' 
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doformed cora, the reG'\.tlto have not been co.tiofacto:ry !or those nuclei with 

1 = 1. 16 
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Gold 
iso~ope 

Tablo' 1. Swnmcu:y o£ :rooonancec !or go!d-194, 1.9$p'·· &nd t96. 8 

' 

Cail..ibretion fircquency Trrun.sf.tion 

(Mc[o~oc) . ·1-~:m n~~~b!:s 

57.080(30) 

iZ2.640«40) 

J9ie920(50) 

5~6.600(50) 

1.385(10) . 

1..445(i0) 

a.o9o(io) 

2.110(10) 

2 .. 303(1.0) 

Z.i28(i0) 

2.295(~0~ 

1..520(10) 

i.5~i(10) . 

2.281(10) . 

--a(_G::.-) ........_ "' 0!1. c. t:.. 

3 i 3 3 
1?.067(30) li .. 354«9S) ! ., z -;r ... i! 

16o 750«30) Z6o591(65) ~ o& i - i .,. f 
3 1. 3 3 

33 .. HlO(JO) 46.625(65) ~ z .. z- z •z 
3 1 :; 3 

· 7s.6~0(30) 1.oa.646«ss) ·1 ... r- r ·-z 
3 i . 3 

81. .. 170(10) U.Z .. 001.(95) I ... z-! 
3 i .. 3 

1.64.850¢50) Zi9.99S«90e ! .. -z ~ z 
3 1 . 3· 

s~s.96s~46) 2 ... 2 - ·z 
3.. i 3 3 

545.000(100) 637.306(97) 2 ... z - z - l 

. 545.350(50) 637.648449) f --! ._! -i 
S4a.3i!7(50) 640.S3Z(S.O) i .... t - f -f 

----
..... 

3. 106(10) 

3.1.67(t0) 

. 3.4oe(to» 

2.961(2t) i ~ - i-
3 3 1 

3.008(2:1) z z _. 'i 
4.449(30) 3 l. ... ! r z. . z 

3 3 i 
~.485(30) z 1'- z 

3 3 i 
4.899(35) I I - y 

3 41.532(30) z 
4.881(3$) ! 

1 
2 
i 
! 
1 
r 
1 
l' 
1. 

.! 
i 
z 
i 
'Z 

.. 

~0 .. i.90q~,J:>O) 

25.Z60«150) 

44.6S5«60) 

i01 .. 640«iOO) 

823.600(400) 

. 823.950«300) 

828.000(300) 

349'S.ZOO(i00) 

3495. sooqu>o) 

3498.100(100) 
.. 

S49S.looqzoo) 

3494 .. 600( 200) 

3494.600« iOO) 

....... 
2.2<~4(1.0) 

3.3S7('1Q) 

· 3.2iS440) f 
3 3.2.17(40) 2 
3 3.220(40) 1: 

4.8$1(35) i 

~ - f .. f 34G9.SS~U0) 
. i- i -i· 3469.8$3(30) 

i - i -i 3489.863«30) 

i ·~ i -i- 3489.900~100) 

4.867(3$) i 

-24 

+20 

+602 

+386 

-366 

-l03 

+65 

..+S 

+iZ 

-239 
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Te.ble X. (conti~uod) 
:O!.:u:o::-• :w::::::s;sa:::tJ!!i;Did:iiS.;.CMidtJ$0~ 1 , , ' !" mwa:::&::~nn , i:t !P iii!!Z:!ketJZZ&tS :c::::u:a:u:w:asw:r:n w:#a::s:::oas:::m~mA~u==~~~ 

Callbrm.~ion frequency Trrul£Jition b Frcquc:Acy '· il obo. 
Co lid (Mc[oec) H s,.u~ntum. numbers i'~2lidual 
icotopG Rb85 Rb87 (G~ .tfi mi F'2 m2 (Mc/oes1 -~kcLoac) ... 

195 Au · 159. 108(50) ZO?. 929(50) 272.fl86(60) 2 .. t- 2 -2 210.160(200) .+114 

35Si. 930( 40) 4:1 ~. 960(20) soz. 789(30) z -1- 2 ... z 419.250(300) + 34 

:§85.919~50) 436.463~30) 528.387(40) z -1- 2 -2 444.350(400) ·157 

. i96 
38.288~!0) i22.06Z( iO) 165. 703(20) s i 5 s 44 Au i' --- 2 .. ! iSS.COO(ZOO) .. z 
BS.288(10) 12Z.06Z(i0) 165. 703(20) $ i 5 -i 2Si.Oi0f)OO) + 87 

2 z·- 2 
88.277(10) 122.030(10) 165.673(20~ 

5 i 5 1107.950(200} 59 z -"! -- 2 .. 
88.277«10) i22.030(tO» 1.65.673(20) 5 '1...,_ 5 -~ 280.815(300) + 3 z 2 2 
S4.9iSU0) i17.72S(20) 160.105~25~ 

5 14-!:> 5 5 17 :r l 2 ·-z HU.600(3SO~ -
I 5 !.,_ 5 -~ 271..530(300) +1.70 8~.915« 10) H.7.728(20) i60. i05(25) z· 1. 2 

rt:\.e Rocclt®: 
~ ~ (uncorr.) il 

Irsoiope 1 ~McL0ac) 2 
~nm~ · ~ 

Au 194 
1 !.: 3489.865(32) = 0.073(4) (22 obsilervaUow.s) 

195 3 +6ZiSU8) +~.o. t46(7) (3 obaervatiol!lo) Au . l' -6223~38) - o. 146(7) 

Aui96 z +23100(2200) +0.58(3) (6 obCJervo.eions) ·24700«2.600) - 0.62(3~ . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




